High spatial and time resolution single-molecule fluorescence resonance energy transfer measurements have been used to probe the structural and kinetic parameters of transfer RNA (tRNA) movements within the aminoacyl (A) and peptidyl (P) sites of the ribosome. Our investigation of tRNA motions, quantified on wild-type, mutant, and L1-depleted ribosome complexes, reveals a dynamic exchange between three metastable tRNA configurations, one of which is a previously unidentified hybrid state in which only deacylated-tRNA adopts its hybrid (P/E) configuration. This new dynamic information suggests a framework in which the formation of intermediate states in the translocation process is achieved through global conformational rearrangements of the ribosome particle.
INTRODUCTION
Enzymes are dynamic machines, undergoing multiscale conformational changes during catalysis (Frauenfelder et al., 1991; Wolf-Watz et al., 2004; Schnell et al., 2004; Ridge et al., 2006) . Atomic resolution structures of the ribosome (Schuwirth et al., 2005; Korostelev et al., 2006; Selmer et al., 2006) provide an essential foundation for understanding the mechanism of protein synthesis and shift the focus of ribosome research toward reconciling these static structural snapshots with the fundamentally dynamic nature of translation. Remodeling of the ribosome structure takes place upon subunit association (Blaha et al., 2002) , transfer RNA (tRNA) and translation factor binding (Ogle et al., 2001; Valle et al., 2003b) , peptide bond formation (Schmeing et al., 2005) , and translocation (Agrawal et al., 1999b; Frank and Agrawal, 2000; Valle et al., 2003a) . Ribosome conformation is also sensitive to mutations (Gabashvili et al., 1999; Vila-Sanjurjo et al., 2003) , buffer conditions (Agrawal et al., 1999a; Muth et al., 2001) , and the binding of small-molecule inhibitors (Yonath, 2005; Ogle and Ramakrishnan, 2005; Moore and Steitz, 2003) . A complete understanding of translation therefore depends critically on defining the structural and kinetic landscape of ribosome conformations and their relation to the mechanism of protein synthesis.
During the elongation phase of translation, tRNAs rapidly and directionally translocate in $30 Å steps through structurally distinct aminoacyl (A), peptidyl (P), and exit (E) sites at the interface of the two ribosomal subunits (30S and 50S in bacteria). The speed and accuracy of these translocation processes are fueled by elongation factordependent GTP hydrolysis (Rodnina et al., 1997; Wilden et al., 2006) .
The dynamic remodeling of tRNA position on the ribosome where specific interactions must be broken and reformed is of fundamental importance to the mechanism of translocation. These include base-pairing interactions between the universally conserved CCA termini of tRNA and the A and P loops within the large subunit peptidyltransferase center (PTC), recognition elements within the small subunit decoding site that bind the anticodon-codon complexes, and bridge elements spanning the subunit interface that contact the central regions of tRNA (Korostelev et al., 2006; Selmer et al., 2006) . These conserved interactions help maintain the proper reading frame of translation (Namy et al., 2006) and prevent untimely tRNA dissociation.
The ribosome's capacity to maintain a firm grasp on peptidyl-tRNA during its movement from the A to the P site has been the focus of ribosome research for several decades. Spirin first proposed that the ribosome must ''unlock'' its grip on peptidyl-tRNA in the A site prior to translocation to the P site (Spirin, 1968) . Bretcher hypothesized that unlocking places tRNAs in hybrid positions, distinct from their classical binding sites (Crick, 1958; Bretscher, 1968) . Elegant structural interrogations of tRNA-ribosome interactions have since ascertained that the ribosome's intrinsic capacity to direct tRNAs toward ''hybrid'' configurations plays a key role in the translocation process (Sharma et al., 2004; Dorner et al., 2006) . Hybrid tRNA configurations are formed in the absence of elongation factor-G (EF-G) and arise from the movements of A and P site tRNA acceptor stems within the large (50S) subunit, independent of the anticodon-codon complexes that remain stably bound on the small (30S) subunit (Moazed and Noller, 1989) . A tRNA configuration in which both A and P site tRNAs adopt hybrid configurations (A/P-P/E) is an authentic intermediate in the translocation process (Dorner et al., 2006) , and its formation is affected by the aminoacylation state of tRNA (Semenkov et al., 2000; Sharma et al., 2004; Blanchard et al., 2004a) .
Here, by using high spatial and time resolution singlemolecule fluorescence resonance energy transfer (FRET) measurements, we show that, in addition to the wellestablished ''classical'' (A/A-P/P) and ''hybrid'' (A/P-P/E) states, a previously uncharacterized configuration of tRNA exists in which only deacylated-tRNA adopts a hybrid state (A/A-P/E). In an effort to establish the rates of classical and hybrid states interconversion, we have implemented the use of the QuB software package (http:// www.qub.buffalo.edu) to aid the analysis of more than 3000 single-molecule FRET trajectories of ribosome particles carrying site-specifically dye-labeled A and P site tRNA. QuB is a tool previously established for the study of single-ion channel function that has more recently been adapted for the quantification of single motor protein movements (Milescu et al., 2006) . Our preliminary kinetic analysis of wild-type and specifically mutated ribosome complexes supports a model in which two distinct hybrid states are formed by global rearrangements in ribosome conformation whose activation energies are of the same magnitude as those required for translocation catalyzed by EF-G-dependent GTP hydrolysis ($70 kJ/mol) (Katunin et al., 2002; Studer et al., 2003) .
These data provide an initial structural and kinetic framework for understanding the physical characteristics of translocation intermediates and how an interplay of ribosome-tRNA interactions determines the conformational state of the translating particle. In this view, elements of initiator tRNA, translation factors, and the growing peptide chain may function to regulate specific elongation processes through the modification of ribosome normal modes (Tama et al., 2004; Wang et al., 2004) .
By relating our data to global structural changes observed in the ribosome associated with movement of deacylated-tRNA into a P/E hybrid state (Valle et al., 2003a) , we provide an estimate of apparent ''unlocking'' and ''locking'' rates of the ribosome that suggest that unlocking is $2-fold faster than the rate of translocation (Studer et al., 2003) . We also observe that the growing peptide chain accelerates the rate of unlocking, suggesting that, analogous to the initiation to elongation transition in transcription (Yin and Steitz, 2002; Boeger et al., 2005) , the growing peptide mediates structural transitions within the ribosome that may regulate early translation events.
RESULTS

Deacylated-and Peptidyl-tRNAs Fluctuate between Classical and Two Distinct Hybrid State tRNA Configurations on the Ribosome
To explore the nature of tRNA hybrid configurations on the ribosome, initiation complexes were prepared by using E. coli components, including Cy3-labeled fMettRNA fMet (Cy3-s 4 U8) in the P site and a phenylalanine (UUC) codon in the A site. Initiation complexes were immobilized on passivated quartz surfaces as previously described (Blanchard et al., 2004a (Blanchard et al., , 2004b , and the A site was filled enzymatically by incubation with the ternary complex of EF-Tu(GTP)-Phe-tRNA Phe (Cy5-acp 3 U47).
Dye-labeled tRNAs were purified to homogeneity prior to use. Fluorophores within surface-immobilized complexes were excited by the evanescent wave generated by total internal reflection (TIR) of a 532 nm wavelength laser. Photons emitted by Cy3/Cy5 fluorophores were collected at a rate of 25 frames per second by using a high-numerical aperture objective and imaged separately onto a cooled back-thinned CCD. As previously described, dye-labeled tRNAs are competent in tRNA selection, peptide bond formation, and translocation. On the millisecond timescale, fluorescence anisotropy contributes insignificantly to FRET measurements (Blanchard et al., 2004a (Blanchard et al., , 2004b . Surface-immobilized ribosomes were efficiently converted to pretranslocation complexes ($90%) as measured by the fraction of ribosomes per image showing FRET. In the absence of EF-G, <5% of ribosome complexes translocate during the observation period as demonstrated by toeprinting and puromycin reactivity (Blanchard et al., 2004a) . On the ribosome, Cy3 and Cy5 fluorophores linked to the elbow regions of A and P site tRNAs are separated by a distance near their R 0 value ($60 Å ), making the system ideal for detecting small changes ($5-20 Å ) in their relative distance. By recording Cy3 and Cy5 fluorescence intensities from single ribosome complexes, the FRET efficiency relationship (FRET = I Cy5 /[I Cy5 + I Cy3 ]) can therefore be used to estimate time-dependent changes in the intermolecular distance between tRNAs. FRET trajectories from hundreds of single pretranslocation complexes were recorded simultaneously at a higher time resolution (2.5-fold) than was possible previously (Blanchard et al., 2004a) without appreciable loss of signal to noise (R7:1). Mutagenesis was used to probe the nature of each FRET state observed. Histograms, each composed of the FRET trajectories of R250 individual molecules, greatly aided in the assessment of kinetic behaviors of the various ribosome complexes investigated.
Predominantly, tRNAs occupy ($60% of the time) a high-FRET classical configuration (A/A-P/P) on wild-type pretranslocation ribosome complexes carrying an fMetPhe dipeptide on the A site tRNA (Figure 2 ; see Table S1 in the Supplemental Data available with this article online) (Blanchard et al., 2004a) . Inspection of the single-molecule FRET trajectories shows that occupancy of the high-FRET state is punctuated by rapid transitions to at least two metastable (R100 ms) intermediate-FRET tRNA configurations (Figure 1 ). For simplicity, we refer to the three FRET states observed as the classical (C) state ($0.55 FRET), hybrid state-1 (H1) ($0.39 FRET), and hybrid state-2 (H2) ($0.24 FRET) rather than by their absolute values ( Figure 1 ; Table S2 ). Short-lived transitions to 0 FRET, which arise from photophysical blinking of the Cy3 or Cy5 dye molecules, have been minimized through the use of an optimized oxygen-scavenging system containing a cocktail of triplet state quenchers (our 
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Two Hybrid State Intermediates on the Ribosome unpublished data). Changes in FRET between classical and hybrid states lie within the linear region of the Fö rster relationship, and it can therefore be estimated that transitions from the classical state to hybrid state-1 (DFRET z 0.16) and hybrid state-2 (DFRET z 0.31) correspond to increases in distance between tRNAs of $7 Å and $15 Å , respectively.
The apparent transition rates between tRNA configurations were estimated by using the freely available QuB software package, a Markov model-based kinetic analysis tool. In an attempt to understand the kinetic parameters of the transitions between FRET states, two Markov chain models consisting of a fixed number of states were considered: (1) a four-state model including a high-FRET classical state, a single low-FRET hybrid state, and two zero-FRET states-a blinking state and a photobleached state; (2) a five-state model that contained an additional intermediate-FRET hybrid state. FRET traces were idealized to each of these schemes by using a hidden Markov modelbased segmental k-means algorithm (Qin, 2004) . The resulting sequence of dwell times was used to optimize kinetic parameters of the model using a maximum-likelihood estimation procedure (Qin et al., 1996 (Qin et al., , 1997 . This analysis yielded a unique set of rate constants for each single-molecule trajectory that was reasonably insensitive to variations in initial parameter values. Mean rates and standard errors were calculated for each model parameter, and single-molecule FRET traces were simulated with the 
Two Hybrid State Intermediates on the Ribosome four-and five-state models. These data were then summed into population histograms for direct comparison with experimental data. The maximized log-likelihood per transition calculated for the four-and five-state models and visual inspection of experimental and simulated histograms convincingly show that the five-state model better approximates the experimental data ( Figure S1 ). Moreover, the FRET values observed before and after transitions identified in the five-state model idealization clearly show a clustering of transitions between three distinct nonzero FRET states (Figures 2 and 3 ). These so-called transition density plots (McKinney et al., 2006) further support the existence of at least two distinct hybrid states. Since it is logical that deacylated-tRNA must exit the large subunit P site prior to the arrival of peptidyl-tRNA there, we posit that formation of hybrid state-2 (lowest FRET) results from the independent movement of deacylated-tRNA to the P/E hybrid state (A/A-P/E). In this model, hybrid state-1 therefore results from the simultaneous movements of both tRNAs to hybrid configurations (A/P-P/E). Table S1 ), which can be attributed largely to an increased rate of deacylated-tRNA exiting the classical state (Table S3) . Absence of the formyl group on the dipeptide (Met-Phe) moderately stabilized the classical state. Truncation of the peptide to a single amino acid (Phe) further exacerbated this trend.
Deletion of Ribosomal Protein L1 Stabilizes the Classical State by Disrupting tRNA Binding in the E Site
The gene encoding ribosomal protein L1, rplA, was knocked out of the E. coli genome by a ''gene gorging'' protocol (Herring et al., 2003) . Ribosomes isolated from this strain were specifically lacking L1, as shown by SDS-PAGE analysis ( Figure S2A ). L1-depleted ribosome complexes were initiated with dye-labeled fMet-tRNA fMet , surface immobilized, and converted to pretranslocation complexes as described.
As predicted by the model, significant stabilization of the classical state was observed ( Figure 3 ; Table S1 ). Kinetic analysis also showed that both hybrid tRNA configurations were significantly destabilized (Tables S1 and  S3 ). These observations strongly support the hypothesis that deacylated-tRNA adopts a P/E state in both hybrid state-1 and hybrid state-2. This preliminary assignment also suggests that transitions among hybrid states correspond to independent motions of peptidyl-tRNA between the large subunit A and P sites.
Specific tRNA-rRNA Interactions Affect the Equilibrium Positions of tRNA on the Ribosome tRNA binding in the P site is characterized by base-pairing interactions between tRNA residues C74 and C75 and G2252 and G2251 of the P loop of 23S ribosomal RNA (rRNA) (Samaha et al., 1995) . Similarly, binding at the A site includes a base-pairing interaction between C75 of tRNA and G2553 of the A loop (Kim and Green, 1999) . To test the hypothesis that hybrid states-1 and -2 correlate with specific interactions of the 3 0 ends of tRNAs with rRNA within the PTC, experiments were performed with ribosomes that contain single point mutations in either the A loop (G2553C) or P loop (G2252C) known to alter the translocation mechanism (Dorner et al., 2006) . According to the model, disrupting the C75-G2553 base pair should destabilize A site binding of peptidyl-tRNA favoring the previously described hybrid state-1 (A/P-P/E) (Sharma et al., 2004; Dorner et al., 2006) ; disruption of the C74-G2252 base pair should destabilize deacylatedtRNA binding in the P site, favoring the previously uncharacterized hybrid state-2 (A/A-P/E). As shown in Figure 3 , the single-molecule data support these predictions. The occupancy of the classical state is dramatically reduced in both mutant complexes in favor of FRET states assigned to hybrid state-1 (A/P-P/E) and hybrid state-2 (A/ A-P/E) ( Table S1 ). Although both hybrid configurations are observed in each system, A loop mutant ribosomes predominantly occupy hybrid state-1, and P loop mutant ribosomes strongly favor hybrid state-2. These data provide striking evidence that hybrid state-1 results from vacancy of the large subunit A site and hybrid state-2 from vacancy of the large subunit P site.
The Assignment of Hybrid tRNA Configurations Is Confirmed by Puromycin Reactivity
Further validation of the assignment of FRET states was made by using a single-molecule puromycin assay, which tests for peptide occupancy at the P site (Blanchard et al., 2004a ). This assay is based on the reaction of puromycin with a fluorophore-labeled peptide linked to the CCA terminus of tRNA followed by rapid dissociation of the 
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Two Hybrid State Intermediates on the Ribosome puromycin dye product from the ribosome. The model of the physical nature of hybrid states-1 and -2 predicts that the occupancy of hybrid state-1 should correlate with increased puromycin reactivity due to the placement of the peptide in the P site. Complexes that favor either the classical or the hybrid state-2 configuration should have greatly diminished puromycin reactivity due to the peptide's location within the A site.
Control experiments show that, in the absence of an A site tRNA, stopped-flow delivery of 2 mM puromycin to wild-type ribosome complexes results in a rapid decrease of fluorescence in the image area. Complexes bearing the A loop mutation, G2553C, react at a similar rate, indicating that under these conditions the binding of puromycin to the A site is not significantly altered. Complexes prepared with the P loop mutation, G2252C, react considerably slower than both the wild-type and A loop mutant complexes, most likely reflecting poor substrate positioning for the nucleophilic addition reaction ( Figure S3 ).
The puromycin reactivities of wild-type and mutant pretranslocation complexes are shown in Figure 4 . As expected, wild-type complexes react slowly with puromycin, consistent with the predominant residence of peptidyltRNA in an unreactive classical state (A/A) and short-lived transitions to a puromycin-reactive hybrid state configuration (A/P) (Semenkov et al., 1992; Sharma et al., 2004; Youngman et al., 2004; Blanchard et al., 2004a) . Correspondingly, ribosome complexes bearing the A loop mutation show an increase in the rate of puromycin reactivity compared with the wild-type complex that is consistent with increased occupancy in hybrid state-1 wherein peptidyl-tRNA occupies an A/P hybrid state. P loop mutant complexes show a further decrease in puromycin reactivity consistent with the assignment of hybrid state-2 wherein peptidyl-tRNA predominantly occupies the unreactive classical state (A/A). These data strongly support our initial assignment of hybrid states-1 and -2 as A/P-P/E and A/A-P/E tRNA configurations, respectively.
DISCUSSION
Here we demonstrate the power of single-molecule FRET methods to provide insights into dynamic structural processes related to the remodeling of ribosome-tRNA interactions and the nature of hybrid tRNA configurations. Kinetic and structural analysis of the motions of fluorescently labeled tRNA on the ribosome establishes the existence of two structurally and kinetically distinct hybrid tRNA configurations. The existence of hybrid states was first evidenced in chemical probing experiments (Moazed and Noller, 1989) and later characterized kinetically through single-molecule FRET experiments (Blanchard et al., 2004a) . However, the assignment of two distinct hybrid states as reported here was not previously possible due to their transient nature and the time scales with which they had been probed. A single-molecule puromycin assay was used to report on the position of the peptide within wild-type, G2252C-mutated, and G2553C-mutated ribosome complexes bearing Cy3-Met-tRNA fMet in the A site. Reaction with puromycin correlates with the occupancy of an A/P hybrid state. Puromycin (2 mM) was stopped-flow delivered to surface-immobilized complexes, and reaction progress was followed as the loss of fluorescence over time. After consideration of the rates of Cy3 photobleaching, and peptidyl-tRNA drop off from the A site (see discussion in Figure S3 ), the reactivities of the three complexes were the following: wild-type (red squares), k 1 = 0.081/s; G2252C (blue circles), k 1 = 0.036/ s; and G2553C (green triangles), k 1 = 0.53/s. In agreement with the predicted positions of the peptide moiety, the rates of puromycin reaction are faster for A loop mutant ribosomes and slower for P loop mutant ribosomes than observed for wild-type pretranslocation complexes.
Figure 5. Equilibrium Model of tRNA Motions on the Ribosome
The two-subunit ribosome (yellow) is shown bound to tRNA (blue) and mRNA (green). The three states observed, classified as classical, hybrid state-1, and hybrid state-2, are defined by the motions of tRNA acceptor stems with respect to the large subunit. The apparent rates of transition between states are identified as tabulated in Table  1 and Table S3 . Conformational changes of the ribosome that may be important to tRNA motions, as described in the text, are shown as changes in A, P, and E site color.
Given the correlation time of the 25 kDa tRNA molecule (<<1 ms at 25 C; Komoroski and Allerhand, 1972) , simple thermal fluctuations in tRNA position on a static ribosome cannot explain the relatively slow time scales of classical and hybrid states-1 and -2 interconversion ($1-10/s). The activation energies for classical-hybrid transitions are similar in magnitude to complete translocation catalyzed by EF-G and GTP hydrolysis ($67 kJ/mol) yet significantly lower than that required for spontaneous translocation ($96 kJ/mol) (Semenkov et al., 2000; Katunin et al., 2002; Studer et al., 2003) . This suggests that hybrid states formation is accompanied by large-scale rearrangements in ribosome conformation that are independent of EF-G binding. A key finding of the present work is that A and P site tRNA motions on the ribosome are often uncoupled, which gives rise to a hybrid state in which only the deacylated P site tRNA enters a hybrid state. Interestingly, this new hybrid state is $20% more stable than the established A/P-P/E hybrid state.
Dispersed Kinetics Are Observed in tRNA Motions on the Ribosome
Visual inspection of the single-molecule FRET trajectories reporting on tRNA position within the ribosome reveals a strikingly broad range of kinetic behaviors. This heterogeneity is inherent to the stochastic nature of tRNA motions but may also relate to a physical heterogeneity in ribosome composition and/or structure. Direct observation of such dispersed kinetics in biological systems is a profound and unique benefit of single-molecule experimentation (Xie, 2002 ) that may be used in the classification of specific behaviors of subpopulations in an ensemble. A complete discussion of the heterogeneous behavior we observe is beyond the scope of this manuscript and will be discussed elsewhere. Here, we provide a framework for describing tRNA and ribosome dynamics based on average rate constants obtained for the specific systems investigated. The validity of this approach is demonstrated by the ability to recapitulate the population behavior of each ribosome complex investigated through simulation of single-molecule trajectories (Figures 2 and 3) .
These average rate constants represent a lower bound on the actual kinetics of the system (Table S3) . To arrive at a more accurate kinetic representation of each system investigated, the subset of molecules that photobleached prior to visiting all states in the model was eliminated from consideration. Even after disregarding these molecules ($25%-60%), the distribution of kinetic behaviors remains broad. Nonetheless, simulated data generated from average rate constants recapitulates the experimental data remarkably well ( Figures S4 and S5) . The mean kinetic values derived in this analysis (Table 1) represent an upper bound on the kinetic parameters of each system.
Hybrid States Arise from an Induced-Fit Mechanism
If tRNAs moved on a static ribosome, modifications to one tRNA binding site would have no effect on the stability of other sites. We find that the specific modifications studied here affect the rates of multiple kinetic parameters. These observations can be explained by two mechanisms: (1) mutation of the ribosome allosterically alters the ground state energies of all ribosome conformations, and (2) transitions between classical and hybrid states are mediated by sampling events faster than the time resolution of our measurements. Based on previously established translation mechanisms (Pape et al., 1999; Blanchard et al., Figure 5 were calculated by averaging those derived from maximumlikelihood optimization of each trace in QuB. Data from wild-type complexes are labeled according to the peptide or amino acid on the A site tRNA. Rate constants are given in units of s À1 and are represented as an average ± standard error. a Ribosomes isolated from E. coli MRE600. b Ribosomes isolated from E. coli DH10 as described (Dorner et al., 2006 2004b; Schmeing et al., 2005) , we posit that fast sampling of states by tRNA, consistent with an induced-fit mechanism, parsimoniously explains much of the kinetic behavior of the ribosome complexes investigated. Fast fluctuations in tRNA motions that report on the induced-fit mechanism will require faster optical detection methods using avalanche photodiodes.
Depletion of L1 from the Ribosome Stabilizes the Classical State
The occupation of deacylated-tRNA in the P/E state is accompanied by interactions with components of the large subunit E site, in particular with ribosomal protein L1 (Valle et al., 2003a) . The rate of translocation is also slowed in ribosomes lacking the L1 protein (Subramanian and Dabbs, 1980) . We observe that both hybrid tRNA configurations, wherein deacylated-tRNA occupies the large subunit E site, are destabilized in ribosomes lacking L1. This destabilization manifests as an $25% increase in the rates returning to the classical state from both hybrid state-1 (k H1/C ) and hybrid state-2 (k H2/C ) with respect to the wild-type complex (Table 1, Figure 3 ). However, L1-depleted ribosomes also show an $45% decrease in the apparent rates of exit from the classical state to both hybrid states. These data are explained if deacylated-tRNA rapidly samples the E site of the large subunit much faster than the time resolution of our data to induce structural transitions within the ribosome that lead to its capture at the E site. While it remains formally possible that the L1 protein takes hold of deacylated-tRNA in the P site and pulls it into the E site (Valle et al., 2003a) , we believe that it is more plausible that the L1 protein indirectly facilitates the structural transitions of the ribosome and the observed hybrid states by increasing the affinity of deacylated-tRNA for the E site.
Point Mutations in the A Loop or P Loop Destabilize the Classical State
Ribosome complexes bearing the P loop mutation, G2252C, transition out of the classical state to both hybrid state-1 (k C/H1 ) and hybrid state-2 (k C/H2 ) more than 2-fold faster than wild-type ribosome complexes (Table 1) . The P loop mutation also increases by $50% the rate at which peptidyl-tRNA leaves its hybrid configuration returning to the classical state (k H1/H2 ) (Table S3 ). These observations are consistent with the G2252C mutation disrupting base-pairing interactions with the CCA end of tRNA in both the P/P and A/P states (Moazed and Noller, 1989; Samaha et al., 1995) . Similarly, the A loop mutation, G2553C, increases the rates of transition from classical to hybrid state-1 (k C/H1 ), and from hybrid state-2 to hybrid state-1 (k H2/H1 ). These observations are congruous with the G2553-C75 base pair playing a key role in maintaining peptidyl-tRNA in the A site (Kim and Green, 1999) . The observation that transitions back to both mutated binding sites are also decreased by $2.5-fold (k H1/C and k H2/C ) can be adequately explained by an induced-fit regime.
Ribosome Unlocking and Locking Rates Can Be Estimated from tRNA Motions
The observation of independent A and P site tRNA motions allows us to determine that the rate at which deacylated-tRNA adopts a P/E hybrid state is rate limiting in the classical-hybrid equilibrium. This result is consistent with the steric constraints of the system. By analogy to structural differences observed in ribosomes carrying only deacylated-tRNA in either P/P or P/E configurations (Agrawal et al., 1999b; Frank and Agrawal, 2000; Valle et al., 2003a) , we posit that the observed rate of this key structural transition, defined by the sum of rates forming hybrid states-1 and -2 (k C/H1 +k C/H2 ), reports directly on the unlocking mechanism. This aggregate rate ($2.86/s) suggests that the unlocking mechanism has a minimum activation energy ( (Table 2 ). This rate is approximately two times faster than the observed rate of translocation under similar buffer conditions (Studer et al., 2003) .
An estimation of the rate of locking is derived in the Experimental Procedures. The locking mechanism has lower activation energy ($68.8 kJ/mol) and is therefore relatively fast ($5.4/s; Table 2 ) by comparison, giving rise to the observation that tRNAs spend a majority of time ($60%) in the classical (locked) configuration (Figure 2 , Table S1 ).
Consistent with previous reports, the growing peptide increases the rate of fluctuations to hybrid states (Table 1, Figure 2 ) by lowering the activation energies for hybrid The rate of unlocking was calculated from k C/H1 + k C/H2 . k locking is as described in the Experimental Procedures. The rates k A/A and k A/P define the motions of peptidyl-tRNA in the A site. k A/A is defined by k H1/H2 + k H1/C , and k A/P is derived in Table S1 . Rates are in units of s
À1
. a Ribosomes isolated from E. coli MRE600. b Ribosomes isolated from E. coli DH10 as described (Dorner et al., 2006 states formation (Blanchard et al., 2004a) . However, we now observe that the dominant effect of the growing peptide is to increase by $30% the rate at which deacylatedtRNA transitions to its hybrid configuration (k C/H2 ). The rate at which peptidyl-tRNA exits the classical state is not significantly affected. Thus, interactions between the A site peptide and the large subunit appear to promote unlocking through either a steric or an allosteric mechanism. The increase in the rate of peptidyl-tRNA transitions both into and out of the A/P state (k H2/H1 and k H1/H2 ), observed specifically in the case of Met-Phe-tRNA Phe , suggests that formylation of the peptide screens chargecharge interactions between the growing peptide and the exit tunnel that affect peptidyl-tRNA motions.
Deletion of L1 slows the rate of unlocking and accelerates the rate of locking consistent with L1 stabilizing hybrid state intermediates important for translocation. Both A and P loop mutant ribosomes show an increase in the rate of unlocking and a decrease in the rate of locking (Table 2) . Previous studies have shown that the A loop mutation accelerates the rate of translocation while the P loop mutation slows translocation (Dorner et al., 2006) . These data suggest that unlocking is necessary, but not sufficient, for rapid translocation. Instead, the translocation process appears most sensitive to peptidyl-tRNA adopting its hybrid configuration (Noller et al., 2002; Dorner et al., 2006) .
Hybrid State-1, the Presumed Translocation Intermediate, Is Formed by Coupled Conformational Changes of the Ribosome Approximately 45% of the time (k C/H2 /[k C/H1 + k C/H2 ]), the motion of deacylated-tRNA to its hybrid P/E configuration is uncoupled from movement of A site tRNA, as is reflected in the transition density plots in Figures 2 and 3 . The isolated transition of deacylated-tRNA out of the large subunit P site is coupled to a large activation energy of $72.4 kJ/mol (determined by k C/H2 ). The energetic barrier for this transition is lowered by the P loop mutation (DDG z z À2.4 kJ/mol) consistent with the disruption of C74-G2252 base pair (DG z of a single G-C pair is $2-10 kJ/mol). The activation energy of the P/P to P/E transition may be directly correlated with ribosome unlocking that entails rotation of the small subunit head domain toward the E site (Agrawal et al., 1999b; Frank and Agrawal, 2000; Valle et al., 2003a) . This conformational change is expected to reconfigure interactions with P site tRNA at the decoding site to allow its transition to the hybrid state. The independent movement of peptidyl-tRNA into its A/ P configuration is also associated with a large activation energy of $70.4 kJ/mol (determined by k H2/H1 ) and is only slightly decreased by mutation of the A loop (DDG z z À0.93 kJ/mol). This suggests that the formation of the peptidyl-tRNA hybrid state is also coupled to conformational change of the ribosome that is distinct from unlocking. We speculate that remodeling of the A site finger intersubunit bridge, B1a, located between A and P site tRNA (Valle et al., 2003a; Schmeing et al., 2005) , may be critical to this conformational transition. The significance of such a structural transition can be tested with mutant ribosomes bearing A site finger truncations that increase the rate of translocation and frameshifting (Komoda et al., 2006) . While our data demonstrate that A and P site tRNA motions can be uncoupled, $55% of the time tRNAs appear to adopt their hybrid configurations simultaneously. The energetic barrier for moving both tRNAs to their hybrid configurations, determined by the rate k C/H1 (DG z z 71.8 kJ/mol), is significantly lower than the sum of energies calculated for their independent movements. Simultaneous motions of tRNA and the coupling of ribosome conformational changes would be favorable for rapid translation. Models proposing the independent motion of deacylated-tRNA in translocation have been recently reported (Pan et al., 2006) , and it will be important to investigate whether the ribosome's capacity to control the motions of deacylated-and peptidyl-tRNA independently has mechanistic and/or regulatory significance.
An Initiation to Elongation Transition May Be Established by Initiator tRNA
The observed rates of ribosome unlocking in vitro are approximately two times faster than the rate of translocation measured under similar conditions (Studer et al., 2003) ; however, they are approximately 1.5 to five times slower than estimated translation elongation rates in vivo (approximately five to 15 amino acids per second; Parker and Friesen, 1980; Neidhardt, 1987; Pavlov and Ehrenberg, 1996) . While this discrepancy may relate to the lower temperature and higher magnesium ion concentration used in our present analysis, it may also be attributed to the unique nature of the initiation complex as initiator tRNA fMet translocates out of the P site $3.5 times slower than elongator tRNA Met (Studer et al., 2003) .
Transition of tRNA fMet to the P/E state may be slowed by the interactions of tRNA fMet 's G-C-rich identity element that enhance its affinity for the P site (Seong and RajBhandary, 1987) . A functional role of the A site peptide at this stage of translation is supported by the fact that E. coli open reading frames show a bias toward specific amino acids in the +1 position (Sato et al., 2001) . Moreover, in vitro polysome studies show an increased spacing of ribosomes on mRNA consistent with early elongation processes being slow relative to later events (Underwood et al., 2005) . Further experiments will be necessary to explore the structural and functional implications of the determinants of hybrid states formation and their role in promoting translocation. It will also be important to investigate if the rates of hybrid states formation are significantly different for elongator tRNAs. The present study shows that early elongation events in translation bear striking similarity with the well-characterized initiation to elongation transition in transcription (von Hippel, 1998; Yin and Steitz, 2002 ; reviewed by Boeger et al. [2005] ). We therefore posit that an interplay between the initiator tRNA, the growing peptide, and the ribosome may play an important role in early elongation that prevents peptidyl-tRNA dissociation (Semenkov et 
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Two Hybrid State Intermediates on the Ribosome 2000). Future single-molecule investigations of ribosome dynamics as they relate to tRNA motions will benefit greatly from direct labeling of the ribosome and translation factors that will allow simultaneous measurements of ribosome conformational change and tRNA motions.
EXPERIMENTAL PROCEDURES
Preparation of Ribosome Complexes, tRNA, and Translation Factors Wild-type and mutant tight-coupled 70S ribosomes were purified from E. coli MRE600, BL21(DE3), and DH10 and used to prepare initiation complexes following procedures described in the Supplemental Experimental Procedures or as previously described (Blanchard et al., 2004a (Blanchard et al., , 2004b Dorner et al., 2006) . The formation of pretranslocation complexes is described in the Supplemental Data.
Single-Molecule Fluorescence Experiments
Data were acquired using a lab-built prism-based TIR fluorescence microscope. All single-molecule experiments were performed in Trispolymix buffer (pH 7.5), 15 mM MgOAc, in an oxygen-scavenging environment optimized for the extension of dye lifetime and limited blinking (1 unit/mL glucose oxidase, 10 units/mL catalase, 0.1% v/v glucose). The Cy3 fluorophore was directly excited by using a Ventus 532 nm laser (Laser Quanta), and data were collected using a 1.2 NA 603 water-immersion objective (Nikon) at 25 frames per second with a Photometrics Cascade 512B CCD camera (Roper Scientific). Data were acquired by using MetaMorph software (Universal Imaging Corporation).
Kinetic Analysis of Single-Molecule FRET Data
Single-molecule fluorescence trajectories were identified and extracted from multiple wide-field movies by custom-made MATLAB programs according to four criteria: (1) the mean total fluorescence intensity (I Cy5 + I Cy3 ) exceeded a predetermined threshold, (2) Cy3 fluorescence lifetime exceeded 1 s, (3) FRET efficiency exceeded 0.1, and (4) fluorescence correlation coefficient fell outside the interval [À0.2, 0.2]. The histograms in all figures are composed of the first 2 s of each FRET trace. The first 400 frames (16 s) of each FRET trace were idealized to Markov chain models by using a segmental k-means algorithm in QuB (Qin, 2004) . The FRET amplitudes, standard deviations, and initial probabilities of the model states were obtained by analysis of the one-dimensional histograms in Figures 2B and 3B . A small population of traces ($5%), poorly idealized due to drift and/or spurious noise, was eliminated from further analysis.
Markov chains were fit to the sequence of dwell times by a maximum-likelihood estimation procedure (Qin et al., 1996 (Qin et al., , 1997 . Traces from wild-type MRE600 ribosome complexes were fit to two different Markov models: one containing a single hybrid state and the second containing both hybrid state-1 and hybrid state-2. The sum of the maximized log-likelihood per transition for all traces was corrected for the different number of parameters by the Akaike information criterion (AIC) (Akaike, 1974) . The relative AIC values, 869.2 for the model with two hybrid states and 1580.2 for the model with one hybrid state, confirmed that the data are better fit by the model with two hybrid states. The optimized kinetic parameters from each trace were averaged to form a single model, and single-molecule FRET traces were simulated in QuB.
To verify that hybrid states-1 and -2 were distinct FRET states and not a continuum of FRET values, transition density plots were constructed from the idealized data. These plots were constructed by compiling a two-dimensional histogram of FRET values before and after each transition (McKinney et al., 2006) . The resulting peaks shown in Figures 2 and 3 and Figures S4 and S5 indicate the relative frequency of each transition and verify that hybrid states-1 and -2 are distinct FRET states.
Derivation of k locking and k A/P The complete five-state model of tRNA dynamics on the ribosome is shown in Figure S7 , which includes the three states shown in Figure 5 as well as the photobleached (PB) and blinking (B) states. For both k locking and k A/P , we seek to calculate the rate of transition from two states in dynamic exchange into a single state. The process for determining such a rate is outlined below for k locking and is identical for k A/P . Both are special cases of the more general procedure demonstrated by Colquhoun and Hawkes (1981) . Due to the minimal blinking rate, we have neglected to exchange between H1 and H2 and B.
We seek to determine the probability density function (PDF) describing transitions out of a set of two connected states (H1 and H2) into a single state (C), f H/C ðtÞ = w 1 expðÀk 1 tÞ + w 2 expðÀk 2 tÞ;
where w 1 and w 2 are normalization constants and k 1 and k 2 are time constants determined below. The master equation expressing the probability P i/C (t) of the system being found in the classical state at time t, given that it began in H1 or H2 at t = 0 in terms of the transition rates between states is dP i/C ðtÞ dt = P i/H1 ðtÞk H1/C + P i/H2 ðtÞk H2/C where i is either H1 or H2. The quantity dP i/C (t)/dt is the probability density of transitions from i to C. We therefore need to obtain the transition probabilities P i/H1 (t) and P i/H2 (t). This is most easily done by combining these probabilities into the 2 3 2 matrix P HH and noting that they satisfy analogous master equations, which are expressed in matrix notation as 
